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(type I reaction) or via singlet oxygen ( 1 O 2 ) (type II reaction) nm, the ratio of base modifications sensitive to Fpg protein ( Figure 1 ). Alternatively, hydroxyl radicals ( • OH) -generated (i.e. 8-hydroxyguanine and formamidopyrimidines) and T4 via superoxide (O 2 -) and a Fenton reaction -could be involved.
endonuclease V (i.e. cyclobutane pyrimidine dimers) was
Yet another possibility is a release of Ca 2ϩ from intracellular constant (~1:200), indicating that the direct excitation of stores which could activate cellular nucleases and thus induce DNA is responsible for both types of damage in this range DNA damage (18, 19) .
of the spectrum. While the yield of pyrimidine dimers per
The ratio of pyrimidine dimers and oxidative DNA modiunit dose continued to decrease exponentially beyond 315 fications at various wavelengths depends on the relative connm, the yield of Fpg-sensitive modifications increased to a tribution of direct and indirect mechanisms and is of major second maximum between 400 and 450 nm. The damage interest for the estimation of the mutagenic risk associated spectrum in this wavelength range consisted of only a with solar irradiation and the impact of spectral changes caused few other modifications (strand breaks, abasic sites and by ozone layer depletion. Here, we report a quantification of pyrimidine modifications sensitive to endonuclease III) cyclobutane pyrimidine dimers and various types of oxidative and is attributed to endogenous photosensitizers that give modifications induced in cultured cells by wavelengths between rise to oxidative DNA damage via singlet oxygen and/or 290 and 500 nm. The lesions were quantified by means of type I reactions. The generation of Fpg-sensitive modificaseveral repair endonucleases (Table I) and an alkaline elution tions by visible light was not linear with dose but followed technique (28). a saturation curve. It is calculated that the exposure of the
The results indicate that the generation of oxidative DNA cells to low doses of solar radiation results in the formation base modifications by solar radiation has a second maximum of cyclobutane pyrimidine dimers and Fpg-sensitive modibetween 400 and 450 nm due to the excitation of (unidentified) fications in a ratio of 10:1.
endogenous photosensitizers and that in cells exposed to sunlight these indirectly induced base modifications account for~10% of the total endonuclease-sensitive base damage.
Introduction
Materials and methods Solar radiation can give rise to cellular DNA damage by (endogenous photosensitizers) (1,2). The direct excitation of DNA generates predominantly cyclobutane pyrimidine dimers and (6-4) photoproducts, which are without doubt of principal importance for the cytotoxic, mutagenic and carcinogenic effects of short-wave UV radiation (UVC, UVB) (3-7). On the other hand, indirect mechanisms must be responsible for DNA damage and genotoxic effects observed at longer wavelengths (UVA, visible light), at which DNA absorbs only weakly or not at all (8,9). In this range of the spectrum, various oxidative DNA modifications such as 8-hydroxyguanine (8-oxoG*), strand breaks, sites of base loss and DNA-protein crosslinks are generated (10-12). The mutagenic potential of some of these lesions, e.g. 8-oxoG, has been well h At 100-fold higher concentration, 4,6-diamino-5-formamidopyrimidine (Fapy-A) was also found to be a substrate of T4 endonuclease V (27) .
Park, USA, and cultured in Ham's F12 medium containing 5% fetal calf serum, penicillin (100 units/ml) and streptomycin (100 µg/ml).
Formamidopyrimidine-DNA glycosylase (Fpg protein) (30) and endonuclease III from E.coli were kindly provided by S.Boiteux, Fonteney aux Roses, France. T4 endonuclease V was partially purified by the method described by Nakabeppu et al. (31) from the E.coli strain A 32480 (uvrA, recA, FЈlac IQ1). The strain carries the plasmid ptac-denV (kindly provided by L.Mullenders, Leiden, Netherlands). Expression of T4 endonuclease V is induced with isopropyl-β-D-thiogalactopyranoside. Exonuclease III was purchased from Boehringer Mannheim, Germany. All repair endonucleases were tested under cell-free conditions for their incision at reference modifications (i.e. thymine glycols induced by OsO 4 , AP sites by low pH and 8-oxoG by methylene blue plus light) to ensure that the correct substrate modifications are fully recognized and no incision at non-substrate modifications takes place (32) . (Table II) . Secondly, the enzyme con-III (10 ng/ml), T4 endonuclease V (30 ng/ml) or exonuclease III (0.5 µg/ml)] centration dependence for the recognition by Fpg protein of immediately after cell lysis, as described previously (28, 33) . To quantify DNA single-strand breaks, the incubation was carried out without endonuclease.
Light sources and irradiation conditions
visible light-induced oxidative modifications was determined.
The alkaline elution followed the method of Kohn et al. (34) with modifications As shown in Figure 2 , the number of sites detected by the (28, 35) . For the quantitative evaluation, the slope of an elution curve obtained enzyme was saturated at 1 µg/ml Fpg protein. This concentrawith γ-irradiated cells was used for calibration (6 Gy ϭ 1 ssb/10 6 bp). The tion is similar to that required for a full recognition of base slopes observed with untreated control cells were subtracted. The numbers of modifications incised by the repair endonucleases were obtained by subtraction modifications induced under cell-free conditions by methylene of the number of single-strand breaks observed without endonuclease treatment.
blue plus light (32) . Thirdly, the recognition by the various
Quantification of cyclobutane pyrimidine dimers by monoclonal antibodies
enzymes of sites of base loss induced by methyl methane-A monoclonal mouse H3 antibody (36) was used to quantify cyclobutane sulfonate (MMS) was analysed. T4 endonuclease V, endopyrimidine dimers in an immuno dot-blot assay as described previously (37) .
nuclease III and exonuclease III detected the same number of
The antibody recognizes TT and 5Ј-TC cyclobutane dimers, which account modications (data not shown), in agreement with the fact that for~70% of all cyclobutane dimers induced by UVB (38) , but not (6-4) photoproducts.
sites of base loss are substrates for all three enzymes (Table I) .
with shorter wavelengths does not contribute significantly to the generation of the Fpg-sensitive modifications. Therefore, different mechanisms must be responsible for the two types of damage.
Dose dependence
The number of pyrimidine dimers sensitive to T4 endonuclease V increased linearly with dose in the dose range analysed (i.e., in which 0.05-1 modifications per 10 6 bp were induced). In contrast, the number of Fpg-sensitive modifications induced in the visible range of the spectrum followed a saturation curve, i.e. the extent of damage did not exceed 0.3 modifications per 10 6 bp ( Figure 5) .
Action spectra
The generation of single-strand breaks and modifications sensitive to T4 endonuclease V and Fpg protein in AS52 cells Table I ) induced in AS52 by two spectral ranges of no monochromator could be used and the differences observed radiation are shown in Figure 3 in the form of DNA damage in experiments with cut-off filters (two in line) at two different profiles. After broad spectrum UVB irradiation, 99% of all wavelengths were determined. These were used to calculate modifications detected were pyrimidine dimers sensitive to T4 the number of modifications per unit dose for the arithmetic endonuclease V. The sites sensitive to endonuclease III and mean of the two cut-off wavelengths. Fpg protein were mostly base modifications, since the number The action spectra indicate that numbers of single-strand of AP sites detected by exonuclease III was even lower. After breaks, Fpg-sensitive modifications and T4 endonucleaseirradiation with wavelengths above 360 nm from a xenon sensitive sites (cyclobutane pyrimidine dimers) decreased in lamp, T4 endonuclease V-sensitive base modifications were parallel between 290 and~315 nm. The T4 endonucleasestill detectable (Figure 3) . Since an additional cut-off filter at sensitive sites continued to decrease exponentially at longer 360 nm had no effect on the number of modifications wavelengths, but were still detectable up to 380 nm. In contrast, generated per dose unit (data not shown), the pyrimidine the number of Fpg-sensitive modifications per unit dose had dimers cannot be attributed to low amounts of radiation emitted a minimum around 340 nm and rose to a long-wave maximum below 360 nm. Base modifications sensitive to Fpg protein between 400 and 450 nm. Single-strand breaks were detectable were formed in a yield similar to pyrimidine dimers, while in all wavelength ranges. The yield was similar to that of Fpgsites of base loss (sensitive to exonuclease III), single-strand sensitive modifications in the UVB range, but was much lower breaks and oxidative pyrimidine modifications (sensitive to than that of Fpg-sensitive modifications in the visible range. endonuclease III) were much less frequent.
Effects of cut-off filters on the damage profiles induced by UV
Discussion radiation from a monochromator Damage profiles observed in AS52 cells exposed to 310, 320
The results presented above provide quantitative information on the ratio of pyrimidine dimers and oxidative DNA base and 330 nm radiation from a monochromator (8 nm band width) are depicted in Figure 4 . For all three wavelengths, the modifications induced in mammalian cells at various wavelengths of solar radiation. In addition, they allow mechanistic effects of one or two additional cut-off filters (with halfmaximal absorption at 295, 305 and 320 nm, respectively) conclusions and an estimation of the contribution of oxidative base modification to the mutagenicity of sunlight. are also shown. The data indicate that the elimination of wavelengths well below the nominal settings of the mono-
The wavelength dependence of the induction of pyrimidine dimers (T4 endonuclease sensitive sites) in AS52 cells (Figure chromator had no effect on the generation of non-dimer modifications (single-strand breaks, modifications sensitive to 6) closely resembles that reported previously for other types of cultured cells (15, 39) . It is also similar to that observed endonuclease III and Fpg protein) and of pyrimidine dimers induced at 310 nm. However, the cut-off filters significantly for the induction of both cyclobutane pyrimidine dimers and (6-4) photodimers in isolated DNA (40) . The induction of reduced the number of pyrimidine dimers per dose unit induced with monochromator settings at 320 and 330 nm. A second dimers in the UVA range of the spectrum therefore can be attributed to the (very weak) end absorption of DNA and need cut-off filter of the same type had no further effect in any case. Therefore, a significant part-but not all-of the not be mediated by other cellular chromophores, which in principle could generate cyclobutane pyrimidine dimers by pyrimidine dimers induced at 320 nm and 330 nm can be attributed to the low percentage of radiation below 305 and triplet-triplet energy transfer (33, 41) . The recently reported (27) weak recognition by T4 endonuclease V of 4,6-diamino-320 nm, respectively. In contrast, this low dose of radiation Between 340 and 500 nm, only cut-off filters were used (see description in from a xenon arc lamp. Dose values given on the abscissa refer to the range the text). In the dose range applied for the determinations, all types of between 400 and 500 nm. Data represent the means of 3-5 independent modifications were shown to increase linear with dose. Data represent the experiments (Ϯ SD).
means of 3-7 independent experiments (Ϯ SD).
5-formamidopyrimidine (Fapy-A) cannot account for the T4 endonuclease-sensitive sites induced by UVA since (i) the sensitive to Fpg protein are induced in the whole wavelength range between 290 and 470 nm (Figure 6 ). Within the UVB enzyme concentrations required to for a (very incomplete) excision of Fapy-A were Ͼ300-fold higher than those used in range (290-315 nm), the ratio of Fpg-sensitive modifications and pyrimidine dimers is nearly constant and follows this study and (ii) Fapy-A is a good substrate for Fpg protein and there is only a narrow wavelength range (around 380 nm) the DNA photon absorption. Therefore, these Fpg-sensitive modifications arise (mostly) from the direct excitation of in which there is a significant recognition by T4 endonuclease V in the presence of an (at least) similarly high number of DNA. Chemically, they may consist of both 8-oxoG and formamidopyrimidines. Both types of modification are Fpg-senitive sites.
In contrast to pyrimidine dimers, base modifications established substrates of Fpg protein (Table I) . 8-OxoG has been detected in UVB-irradiated mammalian cells (42) . fications by UVA and visible light ( Figure 5) indicates that both the number of oxidative DNA modifications and their Formamidopyrimidines have been identified in DNA irradiated under cell-free conditions with UVB (43) . Since according to mutagenic (or carcinogenic) consequences can be underestimated when experiments with high doses and dose rates are a recent report, 5-hydroxycytosine and 5-hydroxyuracil are additional substrates of both Fpg protein and endonuclease III extrapolated to the low doses and dose rates which may be relevant for many cells in the human skin. (26) , the presence of these lesions (up to the extent of endonuclease III-sensitive base modifications) can also not be excluded. Only some of the Fpg-sensitive modifications arecell line (44) . The damage profile thereby resembles that saturation observed for the induction of Fpg-sensitive modi-
